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Abstract
We present the most recent developments in musrSim (the simulation tool for μSR instruments and beamlines),
namely the implementation of light transport and detection. We introduce also a companion program, musrSimAna,
used for analysing the results of numerical simulations.
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1. Introduction
The continuous developments in instrumentation techniques oﬀer diﬀerent possibilities on how to build a new
or upgrade an existing μSR spectrometers. Although the advantages and drawbacks of diﬀerent instrument designs
may be obvious qualitatively, they are often diﬃcult to quantify without a prototype system or a prediction relying on
numerical simulations.
The musrSim program [1], based on the Geant4 [2, 3] and Root [4] packages, represents a simulation platform
developed by numerous researchers over the years and tailored to the needs of the μSR community. The program,
ﬁrst presented at the μSR conference in Tsukuba [5], has been successfully employed to simulate several μSR instru-
ments [6, 7], as well as some sub-systems, including a muon spin-rotator [8] and a scintillating-ﬁbre test setup for
future positron detectors [9]. Recently, the light transport in scintillators and light guides, and its subsequent detection
by a photosensitive detector have been implemented. While for the majority of μSR applications it is suﬃcient to
simulate the hits in the scintillating counters on the level of energy deposits, the simulation of light signals becomes
crucial in case of counters with extremely fast time resolution [10].
The simulation of a μSR instrument is usually performed in two steps. First, musrSim calculates the detector
response to the muons and their decay products. This very CPU demanding task typically requires hours to days of
computations for a million of generated muons. Subsequently the output of musrSim has to be analysed, which typi-
cally takes several minutes. To this purpose we developed a general μSR analysis tool, musrSimAna [11], described in
section 3. Some important parameters (e.g. muon rate, thresholds on the energy deposited in counters, coincidences
between counters, etc.) are deﬁned at musrSimAna level, and therefore many eﬀects can be studied without the neces-
sity to re-run the computation-intensive and time consuming musrSim calculations. Since most of the parameters of
musrSim and musrSimAna are deﬁned in text steering ﬁles, the users (ideally) do not have to modify the source code
of the programs.
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2. Simulation of the light transportation in musrSim
In Geant4 light is simulated by using the so-called “optical photons”, primarily produced by one of three pro-
cesses: scintillation, wavelength shifting and Cˇerenkov radiation. The generated light can then propagate through
materials, be absorbed inside them, it can be reﬂected or transmitted at a material border, etc. For this reason new ma-
terial properties have to be deﬁned for the bulk (e.g. the absorption length, refractive index, photon yield and emission
spectra in a scintillator, etc.), as well as for the boundaries between diﬀerent volumes. Many of these properties can
be wavelength dependent.
Figure 1: An electron (magenta) passes through a scintillator (blue
box) with a polished surface. Photons created in a scintillation
process are scattered on the walls until they are either absorbed, or
detected by a Geiger-mode avalanche photo-diode (red box). For
a better visualisation, only a few photons are shown.
Figure 1 illustrates the photon emission and propagation
in a scintillator box. Some of the photons are detected by
the Geiger-mode avalanche photo-diode (G-APD), whose
detection eﬃciency was set to 25%, the others are ab-
sorbed elsewhere. In a realistic case, the number of emit-
ted photons in a typical scintillators used in μSR instru-
ment reaches few hundreds to thousands of photons. 770
photons are detected in the G-APD in the left histogram
of Fig. 2, corresponding to a single electronic pulse. The
spectrum of the detected times depends on the rise time of
the scintillator (0.175 ns), on its decay time (1.6 ns), and
on the optical path photons have to travel before they reach
the G-APD.
The individual photon counts shown in the histogram can be convoluted with a G-APD response function for an
individual photon, and these response functions are then superimposed into a ﬁnal (electronic) G-APD signal. The
middle plot in Fig. 2 shows the G-APD signals for several diﬀerent events, and the right plot depicts the pulse signals
after further shaping, corresponding to the constant fraction discriminator (CFD) processing. The time when a given
CFD signal crosses the zero can be determined and assumed as the measured time in the analysis of time resolution.
In this way the fast timing counters to be used in the high-ﬁeld μSR instrument at PSI were investigated in detail.
3. musrSimAna – a tool for analysing simulated μSR data
The output of musrSim is stored in a Root tree, which is not quite straightforward to analyse. The analysis becomes
especially complex if one is interested in the time-independent background of the μSR signal at a continuous muon
beam. This background arises from “event mixing”, when one muon, μ1, hits the M-counter and its decay positron
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Figure 2: A histogram showing the time distribution of the photons detected in a G-APD during a single pulse (left plot); several pulses of detected
photons convoluted with the G-APD response function (middle plot); and signals after the constant fraction discriminator processing (right plot).
All signals were simulated within musrSim.
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escapes undetected, while a positron originating from a diﬀerent (untriggered) muon, μ2, gives rise to the signal in a
positron counter.
We have developed a general analysis tool musrSimAna, which aims to be suitable for any μSR instrument, and
which can deal with the event mixing. It allows one to easily implement the “logic” of a real μSR experiment,
e.g. the coincidences and anti-coincidences between diﬀerent counters. Presently, however, only the analysis for the
continuous muon beam is implemented. The program reads in the input parameters from a setup ﬁle similar to the
one used in real μSR instruments at PSI [12, 13]. A simpliﬁed example of the setup ﬁle reads:
RESOLUTION=100 . . . one TDC bin corresponds to 100 ps
MCOINCIDENCEW=50 . . . time interval (in TDC bins) to ﬁnd coincidences with M-counter
PCOINCIDENCEW=50 . . . time interval (in TDC bins) to ﬁnd coincidences with P-counter
VCOINCIDENCEW=100 . . . time interval (in TDC bins) to ﬁnd anti-coincidences
MUONRATEFACTOR=0.089 . . . rescales the average incoming muon rate
DATAWINDOWMIN=-2.0 . . . data interval (in μs) in which positrons are detected
DATAWINDOWMAX=10.0
PILEUPWINDOWMIN=-10.0 . . . the pileup interval (in μs) for muons
PILEUPWINDOWMAX=10.0
102; "M up"; M; 0.4; 2005; -401;
1; "B1"; P; 0.4; 2005; 21 -401; B1; 1485; 1515; 50995;
2; "B2"; P; 0.4; 2005; 22 -401; B2; 1485; 1515; 50995;
11; "F1"; P; 0.4; 2005; -401 -21 -22; F11; 1485; 1515; 50995;
12; "F2"; P; 0.4; 2005; -401 -21 -22; F12; 1485; 1515; 50995;
13; "F3"; P; 0.4; 2005; -401 -21 -22; F13; 1485; 1515; 50995;
21; "Coinc B1" K; 0.4; 2005;
22; "Coinc B2" K; 0.4; 2005;
401; "Active Veto" V; 0.1; 2005;
musrTH1D hMuDecayPosZ "Where stop muons;z[mm];N" 100 -5. 5. muDecayPosZ . . . deﬁnes histogram
condition 1 oncePerEvent . . . true exactly once per event
condition 2 muonDecayedInSample gen . . . true if muon stopped in the sample
condition 4 muonTriggered det . . . true if a good signal detected in M-counter
condition 6 goodEvent det . . . true if good signals detected in M and P counters
condition 9 pileupEvent . . . true when signals in M and P arise from diﬀerent events
The parameters deﬁning the TDC bin width and the diﬀerent time windows are set at the beginning of the setup
ﬁle. Then the logic of how diﬀerent counters are connected is deﬁned. In the example above, the M-counter is set as
the detector with ID 102, it has a deposited energy threshold of 0.4MeV, and is set in anti-coincidence with the active
veto detector (volume ID 401). The anti-coincidence time window is deﬁned by the parameter VCOINCIDENCEW.
The line starting with the keyword musrTH1D creates an array of Root histograms named hMuDecayPosZ i. These
histograms are identical, each of them being ﬁlled by the same variable muDecayPosZ, i.e. by the z coordinate of the
μ1 decay position. However, the diﬀerent histograms are ﬁlled depending on the conditions deﬁned at the end of the
example setup ﬁle. In our case, ﬁve diﬀerent histograms will be ﬁlled. One can easily see the stopping position of
all muons (condition 1), of muons that were triggered by the M-counter (condition 4), or for those muons, which
triggered the M-counter in the case of a time-independent background event (condition 9).
An illustration of musrSimAna capabilities is shown in Fig. 3. The central part of the GPD detector is sketched on
the left, while the other two histograms show where the muons stop and decay. The histogram in the middle shows
muons for all the “detected” events – most of them stop and decay in the sample or sample cell, however there are
some muons that stop and decay in the M-counter, in the positron counters, or even in the collimators. If the muon
stopped in a collimator, it was the decay positron rather than the muon who must have ﬁred the trigger, and either the
same decay positron or an independent muon/positron subsequently hit a positron counter. The rightmost histogram
shows the stopping sites of the “pileup” muons μ2, which did not pass through the M-counter, but gave rise to a signal
in a positron counter – either directly, or (most often) via their decay positron.
Finally, Fig. 4 shows the simulated μSR spectrum for case of the GPD instrument. In the left histogram, there
is an oscillating signal observed at t > 0 μs in the backward counters in a ﬁeld of 300G, and a time-independent
background at t < 0 μs. The right plot shows the prompt peaks for the forward and backward counters in TDC bin
units.
We believe that musrSim and musrSimAna have reached a state when they can be useful to many scientists in the
μSR community. The programs are distributed under the terms of the GNU General Public License. The source code,
documentation and examples can be downloaded from http://lmu.web.psi.ch/simulation/index.html.
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Figure 3: The left plot shows the central part of the GPD detector at PSI (top view cross-section), namely the positron counters (blue), the M-counter
(red), the collimators (green) sample surrounded by a high-pressure sample cell (two small black concentric circles) and some other supporting
structures (black). The other two plots show the two-dimensional maps of muon stopping sites for all “detected” events (middle histogram) and for
the pileup muons μ2 (right histogram). Their absolute scales diﬀer. The left plot was created using musrSim, the two other plots using musrSimAna.
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Figure 4: A simulated μSR signal in the backward counters (left plot) ﬁtted with a function f = p3 · e−t/τμ · [1 + p2 · cos(t · p0 + p1)] + p4, and
prompt peaks (right plot) for one forward and one backward counters expressed in TDC bin units.
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